ABSTRACT Highbush blueberry (Vaccinium corymbosum L.) is a native North American crop dependent upon pollen movement by bees for high fruit set and large berries. Commercial blueberry farms use honey bees (Apis mellifera L.) to provide pollination services, but there is concern regarding their long-term sustainability as crop pollinators. We conducted a 3-yr study at 15 farms to identify the bee community associated with the blueberry agroecosystem in Michigan to improve our understanding of this community and to better target conservation practices. Pan trapping and direct observation were used to determine the relative abundance and diversity of wild bees before, during, and after bloom. We found at least 166 species, representing 30 genera and Þve families, 112 of which were active during bloom. Most bees captured were solitary, soil-nesting bees. Most species were from subfamily Halictinae (family Halictidae) and genus Andrena (family Andrenidae). Andrena carolina Viereck, a specialist on Ericaceae, was the most abundant native bee species collected during blueberry bloom. Several native Osmia species that were present in low abundance during bloom are potential targets for management. Honey bees were more often captured in white than in yellow traps, regardless of trap position in the Þeld. Wild bees were more often captured in Þeld perimeters than interiors, but they did not respond differentially to trap color. We report seven new state records for Michigan, including signiÞcant range extensions, and three new ßoral record associations. Implications for the conservation of native bees in this agricultural system are discussed.
mercial acreage increased and pest management practices grew more intensive, it became necessary for growers to supplement wild pollinators with managed honey bee colonies. Although honey bees are not the most efÞcient bees at pollinating Vaccinium (Javorek et al. 2002) , adequate pollination of highbush blueberry can be achieved when they are sufÞciently abundant (Dogterom and Winston 1999, Dedej and Delaplane 2003) . Hence, honey bees have become indispensable in commercial highbush blueberry production as in many other bee-dependent crops (Dorr and Martin 1966 , Southwick and Southwick 1992 , Roubik 1996 .
Since the late 1980s, there have been concerns about the state of the honey bee industry in the United States (Torchio 1990 , Watanabe 1994 , DeGrandi-Hoffman 2003 . After recent reports of colony collapse disorder, in which beekeepers Þnd hives full of honey but few bees (Cox-Foster et al. 2007 , Oldroyd 2007 , it is clear that a more diverse pollination strategy would be beneÞcial to the long-term sustainability of crops that require insect-mediated pollination (Torchio 1990 , Allen-Wardell et al. 1998 , Stubbs and Drummond 2001 . A Þrst step toward that goal is to determine the community of bees present in agroecosystems (Cane and Tepedino 2001, NAS 2007) . Conservation efforts should begin with faunal surveys that increase our knowledge of the identities, distribution, phenology, nesting biology, and ßoral associations of the taxa to be conserved.
To our knowledge, there has been no comprehensive survey of native bees in Michigan blueberry Þelds, even though Michigan is the leading producer of blueberries in the United States with 7,500 ha (18,500 acres) in production (USDAÐNASS 2004) . Surveys of native bees associated with lowbush blueberry production in British Columbia (MacKenzie and Winston 1984) and Maine (Drummond and Stubbs 1997) , rabbiteye blueberry in South Carolina (Cane and Payne 1993, Sampson and Cane 2000) , and highbush blueberry in upstate New York (MacKenzie and Eickwort 1996) have been conducted previously. These studies have focused on bees foraging during blueberry bloom, but many of these species are likely to be present before or after blueberry bloom, or during both periods, using other ßowering plant species. To help conserve and eventually increase their abundance, these insects require ßoral resources, nesting habitat, and protection from insecticides aimed at pest insects outside of the bloom period of the crop. Consequently, it will be important to identify which of the abundant bees foraging on blueberry ßowers are also present before and after bloom.
Previous faunal surveys in blueberry production regions predict that different key species associated with Vaccinium pollination will be abundant in different areas. In British Columbia, the most common species visiting lowbush blueberry was Bombus mixtus Cresson (MacKenzie and Winston 1984) . In Maine, the wild bee community was dominated by genera Bombus and Andrena (Drummond and Stubbs 1997) . In South Carolina, the dominant species was the blueberry bee Habropoda laboriosa (F.), to which most of the crop pollination was attributed when present (Cane and Payne 1993, Sampson and Cane 2000) . In upstate New York, two species of Andrena, A. (Andrena) carolina and A. (Melandrena) carlini Cockerell, were the most abundant (MacKenzie and Eickwort 1996) . A. carolina is a known Vaccinium specialist (LaBerge 1980, cited therein as A. longifacies) found abundantly only in association with Ericaceae, including deerberry (Vaccinium stamineum L.) (Cane et al. 1985 , cited therein as A. longifacies) in addition to blueberries. A. carlini, a relatively large and generally abundant species across much of eastern North America, is not a specialist on Ericaceae but is known to forage on Vaccinium in large numbers as do related species of subgenus Melandrena such as A. vicina Smith and A. regularis Malloch. Based on distributional and ßoral records published by Mitchell (1960 Mitchell ( , 1962 and in subsequent revisions of Andrena (Bouseman and LaBerge 1979, LaBerge 1980) and in subsequent regional studies of Bombus (e.g., Medler and Carney 1963) , we predicted that the bee community in Michigan blueberry would be most similar to that reported by MacKenzie and Eickwort (1996) .
In this study, pan trapping, direct observation, and pollen analysis from bee specimens were used to determine the relative abundance and diversity of wild bees associated with highbush blueberry agroecosystems in southwestern Michigan before, during, and after bloom. We also compared captures of native bees in white and yellow pan traps placed at Þeld borders or interiors to determine optimal methods for pan trapping native bees in this agricultural system.
Materials and Methods
A 3-yr study was conducted to identify the species composition and phenology of bees at 13 commercial blueberry farms and two semiabandoned blueberry Þelds located in the highbush blueberry production region of southwest Michigan (Fig. 1) . Six sites were located in Ottawa County, Þve in Allegan County, and four in Van Buren County. Each sampled Þeld was at least 3 km away from any other sampled Þeld in this study.
Bees were monitored passively using pan traps, and those bees visiting blueberry ßowers were determined during timed observations. To determine the relative Þdelity of the most dominant bee species to blueberry, the proportion of Vaccinium pollen carried was determined from bees collected in pan traps and while foraging on blueberry ßowers. Bee sampling was conducted when weather conditions met the following criteria: minimum temperature of 13ЊC with clear or partly cloudy skies or 17ЊC with any sky condition other than rain (Pywell et al. 2005) .
Pan Trapping. Sampling was conducted during the growing seasons of 2004 Ð2006. Because of longitudinal differences in bloom phenologies, all sites were not sampled on the same days but instead were divided into three sampling groups based on the county in which they were located. For each trapping event, sites in Van Buren County were always sampled Þrst, followed by the sites in Allegan and then Ottawa counties on subsequent days according to bloom phenology and weather. Because of varying early spring weather conditions from year to year, trapping during . Five pairs of white and yellow pan traps mounted on 1.2-m PVC poles were placed 5 m apart along each of two transects running perpendicular to the orientation of the rows. One transect was established within 1 m of the Þeld edge and the other was established 25 m into the Þeld. Traps were set out between 0800 and 1200 h and were collected between 1600 and 2000 h for a minimum trapping period of 6 h on days when suitable weather conditions, as described above, were met.
After the sampling period, pan trap contents were strained into plastic bags and stored in a Ϫ12ЊC freezer for later processing. Specimens were thawed at room temperature before washing in a 70% ethanol solution. Honey bees were separated out and counted and then stored in a 70% ethanol solution. When pollen was present on wild bees collected during bloom, pollen samples were taken (see below), and then bees were placed in a mesh bag through which a hairdryer was used to ßuff-dry their hair before pinning for identiÞcation (Droege 2008) .
To determine the degree to which our sampling protocol accurately reßects the bee community, species accumulation curves were generated based on randomized resampling of bee trapping observations with 1,000 permutations in R 3.2.1, and the bootstrap estimate was used to estimate species richness each year (using the "specaccum" function in the "vegan" package; Colwell and Coddington 1994) . A two-way analysis of variance (ANOVA) (PROC GLM, SAS 9.1, SAS Institutes, Cary, NC) was conducted to examine the response of bees to trap position in the Þeld (edge versus interior) and trap color (white versus yellow), by using TukeyÕs means separation. The analysis was repeated for each of the three sampling years. This model was used to determine the response of wild bee abundance (log n ϩ 1), species richness and diversity (ShannonÐWiener HЈ), and honey bee abundance to trap position and color. The abundances of eight of the most common bee species that have been recorded foraging on blueberry (Mitchell 1960 (Mitchell , 1962 Hurd 1979, MacKenzie and Eickwort 1996 ; this study) were pooled across years and also tested for their response to trap position and trap color. Direct Bee Observations. Timed observations of bees visiting blueberry ßowers were conducted at three of the commercial sites and at the two semiabandoned blueberry farms in 2004 Ð2006. Fifteen randomly selected bushes were observed for 1 min each, on three occasions during bloom in each Þeld. Observations were conducted during times when conditions were suitable for bee activity, as described above. Bees were identiÞed as honey bees, bumble bees, or other wild bees. The other wild bees were collected for identiÞcation (n ϭ 62).
Species Identifications. Preliminary identiÞcations of bees were made using three published dichotomous keys (Mitchell 1960 (Mitchell , 1962 Michener et al. 1994) Pollen Analysis. Pollen samples were brushed from corbiculae of honey bees and scopae of all other bees collected during timed observations and in pan traps, by using a Þne paint brush. Each pollen sample was stained using melted basic fuschin gel on glass microscope slides (Kearns and Inouye 1993) . Pollen slides were examined under a 400ϫ light microscope and the number of tetrad pollen grains (i.e., Vaccinium) out of 100 was recorded. The proportion of Vaccinium pollen was calculated for each sampled bee, and these values were averaged for each bee species from which pollen was collected.
Results
Over 3 yr across the 15 farms, we collected 12,637 bees in pan traps, representing at least 167 species, including A. mellifera, belonging to 30 genera and Þve families (Table 1) . Each site was sampled 17 times, representing Ͼ1,300 d of trapping effort. The species accumulation curves created using pan trapping data were similar for the 3 yr and approached an asymptote (Fig. 2) . Bootstrap estimates of the entire species pool suggest that we captured Ϸ88% of the species predicted to be present each year (Fig. 2) . This indicates that pan trapping effort was sufÞcient to represent most of the community of bees likely to be captured in pan traps in this habitat.
Bee Community Structure. During bloom, the most abundant groups of wild bees captured were halictid (mostly tribe Halictini) and andrenid (only genus Andrena) bees at 44 and 43% of wild bee individuals and 37 and 35% of wild bee species, respectively (Table 2). The next most abundant group of wild bees included three species of Ceratina (Apidae) (10% of individuals) ( 
Continued on following page f Exotic status has only recently been hypothesized (Giles and Ascher 2006) and corroborated (Zayed and Packer 2007) . g Native status uncertain (see Giles and Ascher 2006). wild bee species caught during bloom were megachilids ( Table 2 ). The most species-rich genera were Andrena at 54 species, followed by Lasioglossum, with at least 30 species (Table 1 ). The overall proportion of bees within each family remained relatively stable from year to year, even though fewer bees were trapped during bloom in 2006 compared with the other years, likely due to cooler spring weather conditions in that year. At least 112 wild bee species were captured in pan traps during blueberry bloom over the 3 yr (Table 1) . Except for bees in the cleptoparasitic genera (e.g., Nomada and Sphecodes), most of these species are potential pollinators of blueberry. By far the most abundant non-Apis species captured at this time of the season was the Vaccinium specialist A. carolina (16% of the total wild bee abundance). Lasioglossum pilosum (Smith) composed 8% of the samples, followed by Augochlorella aurata (Smith) and Lasioglossum leucozonium (Schrank) at 5%. These three species are consistently abundant in bee faunal studies of eastern North America (e.g., Giles and Ascher 2006) . Eight species represented 3Ð 4% of trapped bees, 18 species were abundant between 1 and 2%, and the rest (72 species) were present at Ͻ1% of the total.
The dominant non-Apis native bee species that were observed visiting blueberry ßowers every year and are reported to forage on Vaccinium (Mitchell 1960 (Mitchell , 1962 Hurd 1979; MacKenzie and Eickwort 1996) were A. carolina, A. carlini, A. vicina, Ceratina calcarata Robertson or dupla Say (the females are not readily distinguishable; there were many more male C. calcarata than there were C. dupla), A. aurata [recently synonymized with Augochlorella striata (Provancher)], Lasioglossum coriaceum (Smith), Lasioglossum imitatum (Smith), and L. pilosum. All except for C. calcarata are ground nesting bees (Michener 2000) . All of these species were also present in samples collected before bloom in 2005 and 2006 (Table 1) a This is a broad category including communal or otherwise weakly social but not eusocial species.
that A. carolina is present in blueberry Þelds before and during bloom, but not afterward, because its ßight season is restricted by the bloom period of its sole pollen sources (blueberries and related Ericaceae). C. calcarata or C. dupla had two peaks, one in spring and the other during summer, whereas L. pilosum was found in all samples, declining through the summer. A. mellifera was by far the most abundant species trapped during blueberry bloom (58%), but was much less abundant before hives were placed next to the crop (1%) and after bloom when hives were removed again (4%). This suggests that most of the honey bees captured at these sites were from managed colonies, even at those sites that were semiabandoned. Exotic bees excluding honey bees were rare before and during bloom but composed 23% of the bees captured in postbloom samples (Table 2) . Native bees considered to be oligolectic were most abundant before (18% of individuals) and during bloom (17% of individuals); however, the largest number of species considered to be oligolectic were captured after bloom (11% of species versus 5% during), many of which are likely specialists on Asteraceae (Hurd 1979) (Table 2) . Soil nesters were the most abundant and species-rich nesting guild of bees captured during each trapping period. Cavity nesters were the second most species-rich followed by wood or pith nesters, but the abundance of wood or pith nesters was greater than that of the cavity nesters (Table 2) . Solitary bees outnumbered social bees throughout the growing season and were most abundant before blueberry bloom, whereas social bees were more abundant during and after blueberry bloom, an expected result as the abundance of workers from social colonies increases through the summer, whereas only queens are present in early spring. Across this study, most of the bees captured were solitary, soil-nesting bees. The greatest number of species collected were Halictinae, all of which were polylectic, and Andrena, which included both oligolectic and polylectic species.
Direct Observations of Bees Foraging on Blueberry. From timed observations made in commercial and semiabandoned blueberry Þelds during bloom, honey bees far outnumbered non-Apis bees in commercial Þelds, with Ͼ30-fold greater abundance. In semiabandoned Þelds, where no honey bee hives were installed, but where drift from commercial Þelds stocked with honey bees is possible, the ratio of honey bees to wild bees was 3:1. During these observations, we collected 62 non-Apis bees visiting blueberry from 21 species across 10 genera. The most abundant nonApis bees observed visiting bloom were A. carolina and A. carlini, followed by Bombus bimaculatus Cresson and A. vicina. Additional records of bee visitation to Vaccinium are newly documented: Agapostemon sericeus (Fö rster) (pollen obtained from a single specimen, but frequently observed foraging), Andrena miserabilis Cresson (pollen obtained from specimens in pan traps; Table 3 ), Andrena morrisonella Viereck (observed visiting, but almost no pollen was collected; Table 3 ), Lasioglossum acuminatum McGinley (observed visiting, but no pollen was obtained), one Nomada species, and one Sphecodes species (both collected while nectaring on blueberry).
Pollen Analysis. A. carolina showed a high level of ßoral constancy for Vaccinium; nearly all specimens were found to carry Ϸ100% pure Vaccinium pollen (n ϭ 37, Table 3 ). Andrena vicina (n ϭ 12) and A. carlini (n ϭ 12) carried pure loads of Vaccinium pollen in about half of the specimens (0.40 and 0.53, respectively; Table 3 ). Specimens labeled as Andrena sp. 2, which probably included mostly A. carolina (these were specimens from which pollen was obtained before they were assigned an ID number and so could not be tracked to species identity), were more likely to carry 100% pure Vaccinium pollen than pollen from other species (n ϭ 15, on average 0.72; Table 3 ). Few samples of other species were analyzed for pollen composition due to the low numbers collected, but the data agree with previous records (e.g., Hurd 1979 ) that several species of Colletes and several halictine species also collect Vaccinium pollen (Table 3) .
New Species Range Extensions. During the 3 yr of collecting, we found eight new species that have never been recorded in southwest Michigan (Table 4) . Seven are new state records and are new northern extensions of their previously recorded ranges. It is particularly surprising that Andrena confederata Viereck and Andrena hilaris Smith were found this far north (see Table 4 for details). The remaining species, A. nigrae Robertson, is newly detected in southern Michigan, having been reported previously in the northeastern portion of the lower peninsula of Michigan (Ribble 1974) (Table 4) .
Response of Bees to Trap Position and Color. Wild bees were more likely to be caught in edge traps than in interior traps in all 3 yr (2004: F 1, 58 ϭ 5.85, P ϭ 0.02; 2005: F 1, 58 ϭ 8.17, P ϭ 0.006; 2006: F 1, 58 ϭ 11.35, P ϭ 0.001) (Fig. 4) . Wild bee richness followed a similar pattern with a greater number of species caught in traps placed at the edge than in the interior (2004: F 1, 58 ϭ 7.01, P ϭ 0.01; 2005: F 1,58 ϭ 6.05, P ϭ 0.02; 2006: F 1,58 ϭ 12.85, P ϭ 0.0007). Wild bee abundance (Fig.  4) or species richness did not vary with trap color in any of the 3 yr (P Ͼ 0.05). In contrast, honey bees responded to trap color and were more likely to be caught in white than yellow traps in all years (2004: F 1, 58 ϭ 7.15, P ϭ 0.01; 2005: F 1,58 ϭ 14.35, P ϭ 0.0004; 2006: F 1,58 ϭ 12.18, P ϭ 0.009) (Fig. 4) ; however, their captures did not vary signiÞcantly with trap position (P Ͼ 0.05).
The response of individual native bee species to trap position and color varied across the eight most abundant species known to forage on Vaccinium that were present in each year. A. vicina (F 1, 57 ϭ 7.27, P ϭ 0.009) and L. coriaceum (F 1, 57 ϭ 7.03, P ϭ 0.01) were more often captured in white than yellow traps, whereas A. carolina was more often captured in yellow than white traps (F 1, 57 ϭ 7.62, P ϭ 0.008). C. calcarata or dupla (F 1, 57 ϭ 10.87, P ϭ 0.002), A. aurata (F 1, 57 ϭ 8.84, P ϭ 0.004), and L. pilosum (F 1, 57 ϭ 4.44, P ϭ 0.04) were all more often captured in traps at the Þeld edge rather than the interior. A. carlini and L. imitatum, the other two abundant wild bee species known to forage on blueberry, showed no afÞnity for either trap color or position in the Þelds (P Ͼ 0.05).
Discussion
This study provides a comprehensive view of the pollinator community in Michigan blueberry Þelds, documents the most common native species pollinating blueberry, and describes effective methods for passive monitoring of these bees. In total, 166 wild bee species were trapped throughout the growing season in and around blueberry Þelds, with the majority of these species tending to be rare (one to two specimens) and not occurring in every year of the study (Table 1) . During blueberry bloom, 112 wild bee species were trapped over 3 yr, varying between 69 and 82 species each year. Of the native bees captured during bloom, soil-nesting Andrena and Halictinae were the most abundant, with the genus Andrena being the most species-rich taxon (54 species, Table  1 ). This Þnding agrees with a previous study of bees associated with highbush blueberry in upstate New Mitchell (1960 Mitchell ( , 1962 ; H, Hurd (1979); M&E, MacKenzie and Eickwort (1996) .
March 2009 TUELL ET AL.: WILD BEE COMMUNITY OF MICHIGAN BLUEBERRYYork (MacKenzie and Eickwort 1996) and expands the list of species present in the highbush blueberry habitat. The most abundant Vaccinium foragers identiÞed in our samples were three Andrena spp. (A. carolina, A. carlini, and A. vicina) , the species complex of C. calcarata/dupla and four halictid species (A. aurata, L. coriaceum, L. imitatum, and L. pilosum) . All were present before bloom and Þve were also present after bloom, as predicted based on knowledge of their ßight seasons (Mitchell 1960 (Mitchell , 1962 Giles and Ascher 2006) . Activity periods that extend beyond crop bloom suggest a need for noncrop ßoral resources to help support populations of bees nesting in or near blueberry Þelds. For the Vaccinium specialist A. carolina these include other Vaccinium species such as deerberry (Cane et al. 1985) found within the range of A. carolina, but not in Michigan (USDAÐNRCS 2008) . Native bee abundance and species richness were greater in traps placed at the edges of blueberry Þelds than at the interior. This Þnding corresponds to previous studies of native bees in agricultural systems that Whereas generalist bees present before or after bloom could be negatively affected by insecticide applications and other management practices administered at these times, the specialist A. carolina likely builds nests primarily during bloom when only bee-safe pest management practices are used, allowing it to provision nests with minimal exposure to detrimental crop management practices. At the community level, conservation strategies that reduce the impact of postbloom pest management practices on nontarget insects are needed to protect wild bees with extended ßight periods (including all eusocial species) that contribute to blueberry pollination. This 3-yr study of the bee community associated with highbush blueberry agriculture demonstrated the utility of pan traps to monitor and describe the bee community over time. Pan trapping was effective at detecting rare species and provided an estimate of the relative abundance of the common species. Honey bees and native bees associated with Vaccinium were more likely to be captured in white pan traps than yellow. This could be due to the similarity in color between the white blueberry ßowers and the white traps, because individual bees tend to remain constant in their foraging effort, collecting nectar and pollen from a single species of ßower (Wilson and Stine 1996) . Leong and Thorp (1999) found that male and female Andrena pulverea Viereck (cited as Andrena limnanthis Timberlake), an oligolectic bee of whiteßowering Limnanthes douglasii rosea (Benth.) Mason, were more often captured in white pan traps than in blue or yellow traps. An exception to the ßoral constancy/sensory preference of oligoleges hypothesis for explaining pan trap color preference in our study is A. carolina, a known specialist of Vaccinium spp. This species was often seen foraging on blueberry, with almost pure Vaccinium pollen on specimens collected in pan traps, but it was captured more often in yellow pan traps than in white (Table 5 ). More research is needed to explore the degree to which preferences for ßower color affects response of native bees to pan traps.
A. mellifera was the most abundant bee species captured during bloom, composing one third to one half of all bee individuals captured in pan traps. The ratio of honey bees to native bees was much higher in the commercial Þelds during bloom, reßecting the growersÕ practice of stocking Þelds with honey bee hives. Before bloom, honey bees were rarely found (Table 1 ) and this was also the case after bloom when hives are removed from Þelds. The apparent lack of feral honey bee colonies remaining near blueberry Þelds in southwest Michigan emphasizes the dependence of highbush blueberry production on managed honey bees and the need for conservation practices aimed at encouraging native bees associated with blueberry habitat.
For native crops such as blueberry, particularly those that require sonication to release pollen, pollencollecting native bees are likely to provide an important component of the pollen deposition that increases crop yields. This will be important when weather conditions do not favor foraging by A. mellifera, as often occurs during the early spring bloom period of blueberry. Bumble bees are known to remain active at lower temperatures than honey bees (Heinrich 2004 ). This and their more efÞcient pollination of blueberry ßowers (Javorek et al. 2002) has led to the use of commercially reared colonies of B. impatiens by some growers to augment natural populations that are scarce during blueberry bloom. In this survey, relatively few bumble bees were captured during bloom, although we found seven species including B. impatiens and the social parasite B. citrinus (Table 1) . The low numbers are likely a reßection of both their ability to avoid being captured in pan traps and their natural phenology.
Future studies aimed at conservation of native pollinators in highbush blueberry of the Great Lakes region should target the several Andrena species that emerge before bloom, some of which also have been reported as the most numerous native pollinator in apple orchards in upstate New York (Gardner and Ascher 2006 ; also see Atwood 1933 ). These include the specialist A. (Andrena) carolina and the relatively large Andrena (Melandrena) species A. carlini and A. vicina in southwestern Michigan, and likely also the related species A. nivalis and A. regularis at more northern sites (Bouseman and LaBerge 1979) . Managing Andrena for crop pollination will be challenging because it is not known how to consistently induce and enhance their nesting aggregations in soil. Osmia atriventris Cresson or pumila Cresson are the most abundant mason bees present in spring (Table 1) and will nest in preformed cavities (Cane et al. 2007) ; so, these species may have more immediate potential as managed pollinators of highbush blueberry.
